Connecting peptide (C-peptide) plays a role in early atherogenesis in patients with diabetes mellitus and may be a marker for cardiovascular morbidity and mortality in patients without diabetes. We investigated whether serum C-peptide levels are associated with all-cause, cardiovascular-related and coronary artery disease-related mortality in adults without diabetes.
C
onnecting peptide (C-peptide), a cleavage product of proinsulin, is secreted by pancreatic β cells in equimolar amounts along with insulin. 1 Although a considerable amount of insulin is extracted by the liver, C-peptide is subjected to negligible firstpass metabolism by the liver, thereby serving as a surrogate marker for endogenous insulin secretion.
2 C-peptide has been considered an inert by-product of insulin synthesis and has also been of great value in the understanding of the pathophysiology of type 1 and type 2 diabetes mellitus. 2 , 3 However, C-peptide has recently been re-evaluated as a bioactive peptide in its own right. The administration of Cpeptide to patients and animals with type 1 diabetes has been reported to have a beneficial effect on diabetes-induced abnormalities of the peripheral nerves and renal and microvascular function. 4, 5 C-peptide deposition occurs in the atherosclerotic lesions of patients with diabetes. 6 Recent studies have suggested that Cpeptide may be a valuable predictor of cardiovascular events and mortality (all-cause and cardiovascular-related mortality). [6] [7] [8] [9] [10] [11] [12] In this study, we investigated the association between serum C-peptide level and all-cause, cardiovascular-related and coronary artery disease-related mortality among patients without diabetes. We also estimated mortality as C-peptide increased across glycated hemoglobin and fasting blood glucose quartiles.
Methods

Study population
We used data from the Third National Health and Nutrition Examination Survey (NHANES III, 1988-94) database 13 and the NHANES III Linked Mortality Public-use File from the United States. The latter was a follow-up study of mortality that matched records from NHANES III with data in the National Death Index as of Dec. 31, 2006 . NHANES III included 39 695 participants aged 2 months and older, with a weighted response rate of 82% for household interviews and 73% for examinations. 1 4 The date and cause of death in the National Death Index were derived from death certificates.
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Serum C-peptide levels and risk of death among adults without diabetes mellitus
From NHANES III, we included 9314 participants aged 40 years or more who had serum Cpeptide levels available at the time of the initial survey. We excluded 1543 patients with diabetes, defined as having a fasting plasma glucose level of at least 6.99 mmol/L, a nonfasting plasma glucose level of at least 11.1 mmol/L, current insulin use or a prior physician diagnosis of diabetes; we also excluded 1869 participants who had missing data for other variables. The cohort analysis presented in this study was based on 5902 participants in NHANES III. The NHANES is a publicly released data set; thus, we did not require informed consent to use these data. This study was exempt from the institutional review board approval of Ajou University Hospital.
Baseline data collection
Participants were interviewed as part of NHANES III to obtain information about age (40-49, 50-59, 60-69, ≥ 70 yr), sex, ethnic background (white, black, Hispanic or other), education (less than high school, high school graduate, college or more), smoking status (current, former, never) and alcohol consumption (drinker, nondrinker). Data about disease history were also collected. Hypertension was defined as systolic blood pressure of 140 mm Hg or higher and diastolic blood pressure of 90 mm Hg or higher, the use of antihypertensive drugs or previous physician-diagnosed hypertension. Hypercholesterolemia was defined as a serum total cholesterol level of 6.19 mmol/L or higher, current medication use or physiciandiagnosed hypercholesterolemia. The day on which each participant's last meal or snack was consumed was grouped as "yesterday" or "today." C-reactive protein (< 1, ≥ 1 mg/dL), total cholesterol (< 5. 
C-peptide measurement
The methods used for C-peptide measurement and quality control during the baseline examination have been previously described in detail. 16 The C-peptide radioimmunoassay is a 3-day batch, sequential-saturation method. 17 Briefly, antibodybound proinsulin is removed by polyethylene glycol (PEG) precipitation. The supernatants from the PEG-precipitated samples, controls and standards are incubated with a fixed amount of C-peptide antiserum. During this incubation, unlabelled C-peptide binds to the antibody. A fixed amount of iodine 125-labelled C-peptide is then added and incubated again; during this incubation period, the radiolabelled C-peptide binds to available antibody sites to which unlabelled C-peptide is not bound. The bound and unbound antibody fractions are separated by precipitating the antibody. The radioactivity of the bound portion is then quantified using a gamma counter. The C-peptide concentrations are interpolated from a calibration curve constructed by plotting the percentage bound to each standard versus its concentration.
Mortality follow-up
International Classification of Diseases 9th Revision (ICD-9) codes were used for deaths that occurred from 1988 through 1998, and ICD-10 codes were used for deaths that occurred from 1999 through 2000. The underlying causes of death were grouped according to the National Center for Health Statistics for each coding system. All deaths that occurred from 1988 to 1998 that were coded using ICD-9 clinical modification guidelines were classified into comparable groups based on the ICD-10 underlying causes of death. 18 In addition to all-cause mortality, we also included cardiovascular disease-related mortality (ICD-10 codes I00-I99) and coronary artery diseaserelated mortality (ICD-10 codes I20-I25).
Statistical analysis
We divided the study population by serum Cpeptide quartile (< 0.440, 0.440-0.692, 0.693-1.018, > 1.018 nmol/L). We used linear regression, χ 2 tests and tests for trend to compare variables across ordered categories of serum Cpeptide levels. Cox proportional hazards regression was used in the multivariable analyses of all-cause, cardiovascular-related and coronary artery disease-related mortality. Hazard ratios (HRs) and 95% confidence intervals (CIs) associated with each C-peptide quartile were compared with the first quartile. The proportional hazards assumption for the model was confirmed. We determined Kaplan-Meier estimates, stratified by C-peptide quartile, for all-cause and cause-specific mortality.
To further assess whether serum C-peptide level predicts death, we compared estimates of all-case, cardiovascular-related and coronary artery disease-related mortality according to Cpeptide level and either glycated hemoglobin or fasting serum glucose by stratifying each variable into quartiles.
Results
The mean serum C-peptide level among participants was 0.78 (± standard deviation [SD] 0.47) nmol/L. Participants with higher C-peptide levels were more likely to be older, male, Hispanic, have less than a high school education, be a former smoker or a nondrinker, as well as to have had their last meal or snack on the day the sample was collected. Higher levels were also found among those with a history of hypertension, hypercholesterolemia or heart attack, and among those with a higher BMI and with higher levels of C-reactive protein, total cholesterol, triglycerides, serum insulin, glycated hemoglobin and fasting serum glucose (Table 1) .
The age-and sex-adjusted standardized allcause, cardiovascular-related and coronary artery disease-related mortality are presented in Figure  1 . The mortality rate increased over the quartiles of C-peptide. Table 2 shows the HRs for all-cause, cardiovascular-related and coronary artery disease- In the Kaplan-Meier survival curves for cumulative all-cause, cardiovascular-related and coronary artery disease-related mortality (Figure 2 ), higher levels of C-peptide were significantly associated with increases in mortality at baseline and over 40 years of age (all-cause mortality p = 0.002; cardiovascular-related mortality p < 0.001; coronary artery disease-related mortality p = 0.01).
We compared the mortality estimates for allcause, cardiovascular-related and coronary artery disease-related mortality across serum C-peptide quartiles for glycated hemoglobin and fasting serum glucose (Appendix 1, available at www .cmaj .ca /lookup /suppl /doi :10 .1503 /cmaj .121950 /-/DC1). There was no interaction between C-peptide and glycated hemoglobin or fasting serum glucose. As the C-peptide quartile increased, mortality showed graded and significant increases regardless of increases in the levels of glycated hemoglobin and fasting serum glucose.
Interpretation
In this prospective cohort study of a representative sample of the US population, we found that serum C-peptide level was significantly associated with all-cause mortality, as well as with cardiovascular-related and coronary artery diseaserelated mortality, among participants without diabetes at baseline. Participants who had high serum C-peptide levels (> 1.018 nmol/L) had a 1.8-to 3.2-fold increased risk of all-cause and cause-specific mortality compared with those who had low C-peptide levels (< 0.440 nmol/L). This risk was progressive: after adjustment, each 1-unit increase in baseline C-peptide level was associated with 41%-70% increases in the relative risk of death. We found that C-peptide level better predicted all-cause, cardiovascular-related and coronary artery disease-related mortality than did glycated hemoglobin or fasting blood glucose level. Our findings are consistent with the results of previous studies and suggest a role for C-peptide in predicting increased risk of cardiovascular events and death regardless of the presence of diabetes. [6] [7] [8] [9] [10] [11] [12] Among patients with type 2 diabetes, C-peptide level has been reported to be significantly correlated with intima-media thickness, 10 triglyceride level, high-density lipoproten cholesterol levels, leptin levels and BMI. 8 The Wisconsin Epidemiologic Study of Diabetic Retinopathy followed 1007 individuals with older-onset diabetes over 16 years. 19 In their study, higher levels of plasma C-peptide (per 1 nmol/L) were associated with increased allcause mortality among women and with ischemic heart disease mortality and stroke mortality among men. 19 Furthermore, the C-peptide levels of patients who underwent coronary angiography were associated with all-cause and cardiovascular-related mortality, independent of markers of glucose metabolism. 12 Those in the higher tertiles of C-peptide had higher levels of markers of endothelial dysfunction and atherosclerosis, as well as more severe coronary lesions. 12 A community-based survey of adults aged 30 years and older with normal glucose tolerance found that serum C-peptide levels were quantitatively associated with the signs and symptoms of metabolic syndrome X, including BMI, triglyceride level, high-density lipoprotein cholesterol level and blood pressure. 7, 9 The recent study by Patel and colleagues 11 found that C-peptide levels were superior to other known indices (e.g., serum insulin, the homeostatic model assessment of insulin resistance, and the quantitative insulin sensitivity check index) in predicting all-cause and cardiovascular-related mortality among adults without diabetes.
We found that serum C-peptide level was more predictive of all-cause, cardiovascularrelated and coronary artery disease-related mortality compared with glycated hemoglobin and fasting blood glucose levels. Glycated hemoglobin is an indicator of average blood glucose concentrations over the past 3 months and has been suggested as a diagnostic or screening tool for diabetes. Among adults without diabetes, elevated glycated hemoglobin levels have been shown to be associated with an increased risk of cardiovascular events and death. 20, 21 Fasting blood glucose level is the most commonly used indicator of overall glucose homeostasis and is predictive of the risk of all-cause and cardiovascularrelated mortality below the diabetic threshold. 22, 23 Although glycated hemoglobin and fasting blood glucose levels are known risk factors for death, we found that serum C-peptide level was a stronger predictor of the risk of all-cause and cardiovascular-related death than the former 2 parameters among people without diabetes, and we found that mortality risk increased with increasing serum C-peptide levels. More importantly, even among participants in the lowest quartiles of glycated hemoglobin and fasting blood glucose, the estimates of mortality gradually increased with increasing C-peptide levels. Thus, our finding may add to the evidence that elevated C-peptide levels are a predictor of adverse outcomes.
The reason for the increased risk of death among people with high C-peptide levels is uncertain, but the potential involvement of Note: CI = confidence interval, HR = hazard ratio, ref = reference. *Adjusted for age, sex, ethnic background, education, smoking status, alcohol consumption status, day on which the last meal or snack was consumed, history of hypertension, hypercholesterolemia, heart attack and body mass index, as well as C-reactive protein, total cholesterol, triglyceride, serum insulin, glycated hemoglobin and fasting serum glucose levels.
C-peptide in atherogenesis may help explain the observed association. Experimental studies have shown that C-peptide colocalizes with intimal monocytes, macrophages and CD4-positive lymphocytes and that, in vitro, C-peptide induces monocyte and T-cell chemotaxis. 6, 24 Furthermore, C-peptide activated the proliferation of vascular smooth muscle cells through the activation of Src kinase, phosphoinositide 3-kinase, and extracellular signal-regulated protein kinases 1 and 2. 25 In epidemiologic studies, elevated C-peptide levels have been associated with atherogenic risk factors, including increased levels of triglycerides and high-density lipoprotein and high blood pressure. [7] [8] [9] Although we included participants without diabetes at baseline, some of these individuals may have prediabetes and atherogenic risk factors (possibly caused by obesity, hyperglycemia and, especially, hyperinsulinemia) before the onset of clinical diabetes. 26 The existing evidence strongly supports the proatherogenic action of C-peptide, which, by extension, enables C-peptide to be an independent risk factor for cardiovascular disease and subsequent death.
Limitations
The limitations of this study include a single measurement of serum C-peptide level at baseline and a long interval between measurement and follow-up. In addition, serum C-peptide levels can differ depending on the time of measurement; namely, C-peptide levels have been reported to be higher in people examined in the morning compared with those examined in the afternoon. 27 We did not address the influence of changes in C-peptide levels on the risk of death, such as through the use of medications that alter C-peptide levels or insulin resistance.
Misclassification bias is possible. Although we excluded participants with diabetes (defined as elevated plasma glucose or nonfasting plasma glucose levels, insulin use or a previous diagnosis of diabetes), some individuals may have had undetected diabetes, leading to the overestimation of the HRs. However, we could not adjust for this limitation with respect to the linear trend between serum C-peptide levels and mortality.
Because of the observational nature of this study, we cannot rule out the possibility of residual confounding effects caused by unmeasured confounding variables.
Conclusion
We found a significant association between serum C-peptide levels and risk of all-cause, cardiovascular-related and coronary artery diseaserelated mortality among adults without diabetes. We also observed a stepwise increase in the risk of death with increasing levels of C-peptide across the quartiles of glycated hemoglobin and fasting blood glucose levels. Our findings support the potential relevance of serum C-peptide as a predictor of adverse health outcomes and indicate that elevated C-peptide levels may be an important predictive marker of an increased risk of death.
